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Abstract 
Post-translational modifications (PTMs) occur to a vast amount of proteins and the most 
common post-translational modification (PTM) is phosphorylation. Phosphorylation and 
dephosphorylation, regulate protein functionality by turning the protein active sites (sites with 
important biological function) on and off. Therefore, identification of a protein’s phosphorylated 
residues and determination of their role are of paramount importance, especially for proteins 
driving diseases. Notwithstanding the multiple methodologies for identifying phosphorylated 
residues, literature lacks of methodologies for determination of their role. For this reason, we 
created a method that aims to enhance the understanding of a protein’s regulation by 
phosphorylation as well as to aid the design of more directed and lower-cost experiments. Our 
method uses the PhosphoKin tool, which predicts new phosphorylated residues in a given protein 
sequence, identifies the possibly responsible kinases for the protein’s experimentally observed 
phosphorylated residues and links all phosphorylated residues as well as their kinases with the 
protein’s active sites. Our method assesses the impact of the examined kinases in the protein’s 
phosphorylation and is suitable for associations between specific group of kinases and active 
sites. Also, it suggests the illustration of a phosphorylation map of the protein that is useful for 
further analysis.  
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Introduction 
Nearly all proteins may undergo post-
translational modifications (PTMs), after 
their biosynthesis, as part of their maturation 
or cell signaling process. The numerous 
types of identified PTMs remarkably 
amplify the functional diversity of the 
proteome by enzymatically modifying 
proteins (Nørregaard Jensen, 2004).  
The most common post-translational 
modification (PTM) is phosphorylation 
(Khoury et al., 2011). Phosphorylation is 
catalyzed by enzymes named kinases and 
refers to the addition of a phosphoryl group 
(PO3
2-
) to a serine, threonine or tyrosine 
amino acid that is transferred from high-
energy phosphate-donating molecules, such 
as ATP. Dephosphorylation, is the removal 
of a phosphate (PO4
3-
) group and is 
catalyzed by enzymes called phosphatases 
(Berthet et al., 1957; Krebs et al., 1959; 
Krebs and Fischer, 1956; Sutherland and 
Wosilait, 1955).  
Phosphorylation and dephosphorylation 
regulate protein functionality (Cori and 
Green, 1943) by altering the molecule’s 
stereochemistry. For instance, 
phosphorylation inhibits the activity of the 
Μatrix Μetalloprotease-2 (MMP-2), while 
dephosphorylation enhances it 
(Sariahmetoglu et al., 2007). Moreover, 
phosphorylation and dephosphorylation can 
turn active sites – particular regions in a 
protein that have a functional role which can 
either be undergoing a chemical reaction or 
binding substrates – on and off (Ashcroft et 
al., 1999; Olsen et al., 2006).  
Given the importance of phosphorylation in 
the regulation of protein functionality, 
identification of phosphorylated residues in 
proteins and determination of their role is of 
critical significance, especially for proteins 
driving diseases. For this reason, a branch of 
proteomic research, called phospho-
proteomics, is solely devoted to the above 
purpose. There are many methodologies for 
identifying the phosphorylated residues of 
proteins with the most widely-used 
nowadays in proteomic research being mass-
spectrometry (Han et al., 2008). However, 
understanding the role of these 
phosphorylations in regulating the function 
of a protein is more complex and requires 
further investigation beyond just simply 
identifying the phosphorylated residues. 
Literature lacks of methodologies 
determining the role of phosphorylated 
residues as well as of kinases in the 
regulation of protein function. 
 Therefore, we created a method that maps 
the experimentally observed and predicted 
phosphorylated residues in a protein 
relatively to its active sites, aiming to aid the 
clarification of the protein’s regulation via 
phosphorylation. This method uses the 
PhosphoKin tool that we created to predict 
phosphorylated residues in a protein 
sequence using kinase binding motifs. Then, 
it combines the predict phosphorylated 
residues with the protein’s already known 
experimentally observed phosphorylated 
residues to identify the possibly responsible 
kinases for each experimentally observed 
phosphorylated residue. After, this method 
combines all the phosphorylated residues 
with the protein’s active sites to examine the 
impact of each kinase in the protein 
phosphorylation, to make associations and 
draw conclusions.  
 
Methods  
Protein sequence 
In absence of an in vitro protein sequencing, 
the protein sequence can be taken from 
various protein databases such as Uniprot 
(The UniProt Consortium, 2017) and NCBI 
(Canese and Weis, 2002). However, 
providing that the proteins entries in protein 
databases (O’Leary et al., 2016; Pruitt et al., 
2009; Zerbino et al., 2018) usually derive 
from translations of coding sequences 
(CDS), choosing an entry requires attention. 
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The entry of a peer reviewed and highly 
curated protein sequence should be chosen 
in order to have an adequate similarity with 
the actual protein in nature. For instance, 
Uniprot can filter protein entries by their 
review status. Also, it as has an annotation 
score and a sequence status, which provide a 
heuristic measurement of the annotation 
content and indicate the completion of the 
canonical sequence, respectively. A protein 
entry with a complete sequence and the 
highest annotations score should be 
considered a good option. Further, the 
source organism in the protein entry should 
be the organism of the study. The protein 
sequence should be downloaded in a fasta 
format and saved in a .txt document as 
displayed in Figure 1. The name of the 
protein should be given before the extension 
of the file (e.g. LAMC1.txt). 
 
 
Figure 1. The .txt file containing the protein 
sequence that is inserted as input to 
PhosphoKin. The sequence of the human 
laminin γ1-chain (LAMC1) is shown. The 
sequence was taken from the Uniprot database 
(entry: P11047). 
 
Recording of protein’s active sites  
The position, sequence and function of the 
protein’s active sites should be recorded by 
an extensive literature search. Overlapping 
active sites should be considered as one. All 
active sites described in the literature should 
be included in the results regardless of their 
biological function, experimental 
identification method and efficacy 
differences between cell types. Nevertheless, 
a categorization of active sites, according to 
differences in their functionality (e.g. 
distinct binding molecules, cell type or cell 
line specificity and role in physiology or 
diseases), could be very beneficial for 
conducting results and will allow focusing 
on active sites of interest. An example is 
demonstrated in Table S1. 
Furthermore, due to various reasons, such as 
expression and isolation difficulties, certain 
human proteins are less studied than their 
orthologous proteins in other species. For 
example, most literature-derived active sites 
were identified in the mouse or rat γ1-chain 
of laminin (lamc1) instead of the human γ1-
chain of laminin (LAMC1). In a case that 
the literature-derived active sites of the 
protein were identified in a different 
organism than the one studied, the Basic 
Local Alignment Search Tool (BLAST) 
platform (Altschul et al., 1990) could be 
used. BLAST will align the orthologous 
sequences of the protein between the 
different organisms and return the 
percentage of their sequence identity. A 
statistically significant, high percentage of 
sequence identity yields a high level of 
confidence. The literature-derived active 
sites should be matched to similar 
subsequences in the protein of interest in 
order to obtain the protein of interest’s 
active sites.   
Additionally, to increase the level of 
confidence each active site should be 
assessed individually for its similarity with 
the corresponding literature-derived active 
site using a similarity score (equation 1).  
  {1} 
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A similarity score of 100% indicates 
identical subsequences, whereas of 0% 
completely different ones. Generally, active 
sites are expected to be highly conserved 
amongst orthologous proteins, due to 
evolutionary pressure. However, in case 
there are a few active sites with low 
similarity scores (less than 50%), they 
should be carefully examined and subjected 
to a more sophisticated alignment algorithm 
for the validation of their conservation and 
location in the protein of interest. Also, it is 
important to keep in mind that not all active 
sites of a protein are active simultaneously. 
The active sites should be saved in a .txt file 
in the following format (Figure 2):  
Start_of_active_site_1 - 
End_of_active_site_1,  
Start_of_active_site_2 - 
End_of_active_site_2, etc. 
 
 
Figure 2. The .txt file containing the active 
sites of the protein that is inserted as input to 
PhosphoKin. A few active sites of the human 
laminin γ1-chain (LAMC1) are shown. These 
active sites derived from an extensive literature 
search. 
 
Experimentally observed phosphorylated 
residues 
The phosphorylated residues of the protein 
that have been experimentally observed can 
be taken from the PhosphoSitePlus database 
(Hornbeck et al., 2015). This database 
contains the post-translational modified 
residues of mammalian proteins that were 
experimentally assigned. All recorded 
residues have been extensive and manually 
curated. Moreover, PhosphoSitePlus 
retrieves the sequence of the query protein 
from Uniptot.  
PhosphoSitePlus can filter post-translational 
modifications (PTMs) by the experimental 
identification method using two options; 
Low Throughput Papers (LTP) or High 
Throughput Papers (HTP). The HTP option 
returns PTMs identified solely through mass 
spectrometry, whereas the LTP option 
returns PTMs identified by any experimental 
method. Further, for higher level of 
confidence it provides the option to show 
PTMs that were referenced more than five 
times.  
Results from PhosphositePlus should be 
filtered to contain only phosphorylations. 
Providing that Tyrosine kinases are 
considered a distinct class of kinases (Pinna 
and Ruzzene, 1996), depending on the type 
of kinases the researcher is interested in 
Serines (S) and Threonines (T) or Tyrosines 
(Y) could be excluded from the results. 
Then, the experimentally observed 
phosphorylated residues should be saved in 
a .txt file in the following format (Figure 3): 
phosphorylated_residue_1, 
phosphorylated_residue_2, 
phosphorylated_residue_3, etc. 
 
 
Figure 3. The .txt file containing the 
experimentally observed phosphorylated 
residues in the protein, which is inserted as 
input to PhosphoKin. The experimentally 
observed phosphorylated residues in human 
laminin γ1-chain (LAMC1) are shown. These 
phosphorylated residues were taken from the 
PhosphoSitePlus database using the HTP option.  
 
Prediction of phosphorylated and 
residues and their association with active 
sites  
The prediction of a protein’s 
phosphorylation sites should be 
implemented using kinase recognition 
motifs. To obtain the kinase recognition 
motifs the Phosphomotif Finder database 
(Amanchy et al., 2007) should be used. This 
database detects in protein queries literature-
derived kinases motifs. The 
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Serine/Threonine motifs and the Kinase/Phosphotase motifs option should be 
Figure 4. The .txt file containing the recognition motifs of candidate kinases for the 
phosphorylation of the protein, which is inserted as input to PhosphoKin. A few candidate kinases 
for the phosphorylation of the human laminin γ1-chain (LAMC1) along with their motifs are shown. The 
motifs of kinases were taken from the Phosphomotif Finder database using the Serine/Threonine motifs 
and the Kinase/Phosphotase motifs option. 
The PhosphoKin tool (Methods “The PhosphoKin tool”) reads the .txt file and translates the kinases’ 
recognition motifs into regular expressions. Then, it uses the regular expressions to identify the exact 
subsequences and residues that could be recognized and phosphorylated, respectively, by each motif of 
each candidate kinase, in a protein sequence (Methods “Protein sequence”). The results are saved in 
an output .txt file, an example of which is displayed in Figure 5.  
 
chosen in the protein query. Phosphomotif 
Finder will narrow down the list of all 
known kinases to a few candidate kinases 
for the phosphorylation of the protein and 
will display the candidate proteins along 
with their recognition motifs.  
If the researcher is interested only on 
kinases, the candidate phosphatases should 
be filtered out of the results. Moreover, 
some proteins consist of more than one 
chain, like laminin-111. For proteins with 
multiple chains, queries on Phosphomotif 
Finder should be made for all the protein’s 
chains and the results should be merged 
before or after excluding the candidate 
phosphatases. The kinases along with their 
translated recognition motifs in regular 
expressions should be saved in a .txt file in 
the following format (Figure 4): 
 
Name_of_kinase_1[space]protein type: 
motif_1, motif_2, motif_3, etc. [enter] 
Name_of_kinase_2[space]protein type: 
motif_1,motif_2, etc. [enter] 
etc. 
 
 
 
 
 
 
 
 
 
Figure 5. The output .txt file showing the 
exact protein subsequences and residues that 
can be bound and phosphorylated, 
respectively, by the candidate kinases (Figure 
4) as predicted by PhosphoKin. As an 
example, a few phosphorylated residues and 
binding subsequences by PKA kinase in the 
human laminin γ1-chain (LAMC1) are presented 
(unpublished results). The “[…]” indicates that 
more data are available but not presented. 
Generally, the numbers refer to the position of 
the amino acids. The numbers in the 
Phosphorylated residue(s) show the residue that 
is predicted to be phosphorylated by the motif. 
As a rule in PhosphoKin, a motif can show the 
phosphorylation of only three or less residues. 
Therefore, the “-1” values in the Phosphorylated 
residue(s)  indicate that there is not another 
residue predicted to be phosphorylated.  
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It should be noted that the number of the 
predicted phosphorylated residues might be 
much higher than the number of 
experimentally observed phosphorylated 
residues. The higher number of predicted 
phosphorylated residues could be attributed 
to the generality of kinase motifs. 
Nonetheless, it could reflect the 
phenomenon of “hierarchical 
phosphorylation”, according to which a 
single experiment may not detect all nature 
occurring-protein phosphorylations since not 
all phosphorylations occur simultaneously in 
a protein at a given time (Roach, 1991). In 
addition, other factors, like the protein 
isolation tissue and parameters of the 
experimental identification method, could 
impact the number of predicted 
phosphorylations. Phospho-proteomics is a 
complex field and PTM’s of many proteins 
still remain unknown. 
However, it is important to stress that the 
PhosphoKin tool predicts phosphorylated 
residues based only on the linear sequence 
of a protein. The 3D structure of proteins 
may represent features that enable 
phosphorylation (Small et al., 1977). Thus, 
prediction of phosphorylated residues using 
the linear sequence could miss important 
phosphorylations for the function of the 
protein. Nevertheless, only a portion of 
human proteins have their 3D structure 
solved (by X-Ray Crystallography). 
Therefore, in the absence of a protein’s 3D 
structure, motifs found in the linear 
sequence are the best predictive features.  
 
Identification of possibly responsible 
kinases for the experimentally observed 
phosphorylated residues 
The PhosphoKin tool reads the .txt file with 
the experimentally observed phosphorylated 
residues in the protein (Methods 
“Experimentally observed phosphorylated 
residues”) and based on the predicted 
phosphorylation sites and phosphorylated 
residues for each candidate kinase (Methods 
“Prediction of phosphorylated and residues 
and their association with active sites”), it 
identifies the possibly responsible kinases 
for each experimentally observed 
phosphorylated residue in the protein. The 
results are saved in an output .txt file, an 
example of which is displayed in Figure 6. 
 
 
Figure 6. The output .txt file showing the 
possibly responsible kinases for the 
experimentally observed phosphorylated 
residues of the protein, as predicted by 
PhosphoKin. As an example, the possibly 
responsible kinases for two experimentally 
observed phosphorylated residues in the human 
laminin γ1-chain (LAMC1) are shown 
(unpublished results). The “[…]” indicates that 
more data are available but not presented. 
 
The possibly responsible kinase(s) for an 
experimentally observed phosphorylated 
residue in a protein are the kinase(s) that can 
theoretically bind to the surrounding area 
and catalyze the phosphorylation of this 
residue. Yet, the exact kinase(s) that 
catalyze this phosphorylation in nature 
remain in the scope of further research. 
Also, it is possible that this phosphorylation 
in nature could be catalyzed by a yet 
unknown kinase or a yet unknown kinase 
motif. Nonetheless, the PhosphoKin tool 
significantly narrows down the list of all 
known kinases to a few possible ones for the 
phosphorylation of each experimentally 
observed phosphorylated residue in a 
protein. Thus, it provides an essential aid to 
the design of more directed and lower-cost 
experiments.   
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Categorization of phosphorylated 
residues according to their location 
relatively to active sites and association of 
possibly responsible kinases with active 
sites 
The PhosphoKin tool reads the .txt file with 
the active sites (Methods “Recording of 
protein’s active sites”) and categorizes the 
experimentally observed and predicted 
phosphorylated residues of all kinases 
according to their location relatively to 
active sites. The location categories are 
inside active sites, outside of and close to 
them within six residues proximity. The 
third category (close to active sites) was 
included in order to eliminate possible 
literature contradictions and losses derived 
from the identification method (commonly 
synthetic peptides) regarding the length of 
active sites. Further, due to the reasoning 
that phosphorylations to residues located 
close within a few residues proximity to an 
active site could significantly influence the 
function of the active site. The results are 
saved in an output .txt file, an example of 
which is demonstrated in Figure 7. 
 
 
Figure 7. The output .txt file of PhosphoKin, 
showing the categorization of the 
phosphorylated residues in a protein 
according to their location relatively to active 
sites (inside, outside, close within six residues 
proximity). As an example, the categorization 
of the experimentally observed and predicted 
phosphorylated residues in the human laminin 
γ1-chain (LAMC1) is shown (unpublished 
results). The “[…]” indicated that more data are 
available but not presented. 
 
Additionally, the PhosphoKin tool 
associates the phosphorylation activity of 
each kinase with the active sites of the 
protein based on the categorization of 
phosphorylated residues according to their 
location relatively to active sites. The results 
are saved in an output .txt file, an example 
of which is demonstrated in Figure 8. 
 
 
Figure 8. The output .txt file of PhosphoKin 
that links the examined kinases with the 
protein’s active sites. As an example, the 
predicted phosphorylated residues by PKA 
kinase in the human laminin γ1-chain (LAMC1) 
is shown (unpublished results). The “[…]” 
indicated that more data are available but not 
presented. The phosphorylated residues of PKA 
kinase are categorized according to their 
location relatively to active sites (inside, outside 
and close). This categorization suggest whether 
the activity of the kinase is more oriented inside, 
outside or close to the protein’s active sites. 
 
The PhosphoKin tool   
The tool in written in python. It uses as input 
four .txt files; one containing the protein 
sequence (Methods “Protein sequence”), one 
containing the protein’s active sites 
(Methods “Recording of LAMC1 Active 
Sites”), one containing the experimentally 
assigned phosphorylated residues in the 
protein (Methods “Experimentally observed 
phosphorylated residues”) and one 
containing the kinases along with their 
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recognition motifs (Methods “Prediction of 
phosphorylated and residues and their 
association with active sites”). As output the 
tool produces four .txt files; one for the 
prediction of phosphorylation sites and 
phosphorylated residues in the protein 
(Methods “Prediction of phosphorylated and 
residues and their association with active 
sites”), one for the identification of possibly 
responsible kinases for the experimentally 
observed phosphorylated residues in the 
protein (Methods “Identification of possibly 
responsible kinases for the experimentally 
observed phosphorylated residues”), one for 
the categorization of phosphorylated 
residues according to their location 
relatively to active sites (Methods 
“Categorization of phosphorylated residues 
according to their location relatively to 
active sites and association of possibly 
responsible kinases with active sites”) and 
one for the association of kinases with active 
sites (Methods “Categorization of 
phosphorylated residues according to their 
location relatively to active sites and 
association of possibly responsible kinases 
with active sites”). The tool, which can be 
found here: 
https://github.com/AngelikiGal/PhosphoKin, 
should be downloaded and run in the 
terminal by the following command: 
“python3 PhosphoKin.py”. 
However, the tool has some limitations. The 
four input files should have a specific format 
(Figure 1-4 and Methods “Protein 
sequence”, “Recording of LAMC1 Active 
Sites”, “Experimentally observed 
phosphorylated residues” and “Prediction of 
phosphorylated and residues and their 
association with active sites”) in order to be 
correctly processed by the tool. Also, the 
tool accepts only motifs that indicate three 
or less residues for phosphorylation.  
 
Mapping of LAMC1 phosphorylation 
sites 
An overview of the results could derive 
from illustrating them all together in a 
phosphorylation map of the protein. The 
phosphorylation map should contain the 
protein sequence in rows of sixty residues. 
The active sites, as well as the 
experimentally observed phosphorylated 
residues and the predicted phosphorylation 
sites, should be marked in the protein 
sequence using specific annotation. The 
active sites should be marked in bold font-
weight, the experimentally observed 
phosphorylated residues in red coloring and 
the predicted phosphorylation sites in yellow 
highlight. To display the interaction of each 
kinase with residues of the protein sequence, 
a list of kinases should be presented under 
each protein sequence row. The list of 
kinases should contain all the kinases that 
interact with residues of the above protein 
sequence row and the interaction of each 
kinase should be attributed by a line in the 
list of kinases. The binding to a residue 
should be displayed with the “X” letter and 
the phosphorylation of a residue with the 
“P” letter. On the contrary, the absence of an 
interaction with a residue should be 
indicated with the “-” character. An example 
of a phosphorylation map is presented in 
Figure S1. 
 
How to analyze the results 
The total number of the kinases’ 
phosphorylated residues should be examined 
both for the experimentally observed and 
predicted phosphorylations, while more 
emphasis should be given on the former for 
conducting conclusions. The kinases could 
be grouped based on their total 
phosphorylated residues in order to 
speculate the role of each kinase in the 
phosphorylation of the protein.  The kinases 
with the higher total phosphorylated 
residues (top kinases) are more likely to 
contribute to the protein’s regulation via 
phosphorylation. Additionally, the top 
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kinases in the experimentally observed 
phosphorylated residues should be compared 
to the top kinases in the predicted 
phosphorylations. This comparison will 
strengthen the importance of the top kinases 
in the phosphorylation of the protein as they 
are expected to be the same in both 
categories. 
Furthermore, the location of the top kinases’ 
phosphorylated residues should be 
investigated relatively to active sites (inside, 
outside and close). This, should be examined 
for both experimentally observed and 
predicted phosphorylated residues and will 
reveal whether the phosphorylation activity 
of a kinase is more oriented inside, outside 
or close to active sites. Phosphorylations 
that are located inside of as well as close 
within a few residues proximity to active 
sites are more likely to regulate the function 
of an active site and thus, the function of the 
protein. However, a top kinase with an 
activity that is oriented more outside the 
active sites could still greatly impact the 
regulation of the protein. 
Moreover, examining whether all the 
possibly responsible kinases for an 
experimentally observed phosphorylated 
residue located inside or close to an active 
site, belong to the same group of kinases 
(e.g. ecto-kinases), could lead to 
associations between the group of kinases 
and the active site. The higher the number of 
the experimentally observed phosphorylated 
residues inside and close to an active site, 
for which their possibly responsible kinases 
fall under the same kinases’ group, the 
stronger the association is between the group 
of kinases and the active site.  
Similarly, exploring the association between 
a certain group of kinases and a group of 
active sites, such as important active sites in 
diseases, could yield very interesting results. 
For instance, inside the active site 
“RPESFAIYKRTR” in LAMC1, which 
binds to cancer cell lines (Nomizu et al., 
1997), the residues S159 and T166 were 
experimentally found to be phosphorylated 
(Rush, 2008). CKII, PKA and PKC, which 
are known for an ecto-phosphorylation 
activity (Bohana-Kashtan et al., 2005; 
Hogan et al., 1995; Kondrashin et al., 1999), 
were the only possibly responsible kinases 
for the phosphorylation of T166, while PKA 
and PKC were among the possibly 
responsible kinases for the phosphorylation 
of S159. Therefore, the activity of PKA and 
PKC was associated with the active site 
“RPESFAIYKRTR” (unpublished data). 
 
Conclusions 
Our method enhances the understanding of 
the role of phosphorylation in a protein’s 
regulation by combining the active sites with 
the phosphorylated residues (experimentally 
observed and predicted). Moreover, this 
method aids the design of more directed and 
lower-cost experiments by identifying the 
possibly responsible kinases of the 
experimentally observed phosphorylated 
residues and by predicting new 
phosphorylation sites and phosphorylated 
residues. Furthermore, it gives ground for 
associations between specific active sites 
and group of kinases as well as suggests the 
illustration of a detailed and helpful 
protein’s phosphorylation map. However, 
further research in vitro is needed to 
demonstrate the exact kinases catalyzing the 
experimentally observed phosphorylated 
residues, the importance of the top kinases 
in the protein’s regulation and any active 
sites-group of kinases association. 
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